Abstract Satellite-measured SO 2 mass loadings and ground-based measurements of SO 2 emission rate are not directly comparable, with ∼40% differences between mean emissions reported by each technique from Tungurahua volcano, Ecuador, during late 2007. Numerical simulations of postemission processing and dispersal of Tungurahua's SO 2 emissions enable more effective comparison of ground-and satellite-based SO 2 data sets, reducing the difference between them and constraining the impact of plume processing on satellite SO 2 observations. Ground-based measurements of SO 2 emission rate are used as the model input, and simulated SO 2 mass loadings are compared to those measured by the Ozone Monitoring Instrument (OMI). The changing extent of SO 2 processing has a significant impact on daily variation in SO 2 mass loading for a fixed volcanic emission rate. However, variations in emission rate at Tungurahua are large, suggesting that overall volcanic source strength and not subsequent processing is more likely to be the dominant control on atmospheric mass loading. SO 2 emission rate estimates are derived directly from the OMI observations using modeled SO 2 lifetime. Good agreement is achieved between both observed and simulated mass loadings (∼21%) and satellite-derived and ground-measured SO 2 emission rates (∼18%), with a factor of 2 improvement over the differences found by simple direct comparison. While the balance of emission source strength and postemission processing will differ between volcanoes and regions, under good observation conditions and where SO 2 lifetime is ∼24 hours, satellite-based sensors like OMI may provide daily observations of SO 2 mass loading which are a good proxy for volcanic source strength.
Introduction
The measurement of persistent sulphur dioxide (SO 2 ) gas emissions is a cornerstone of volcano monitoring. Low concentrations of SO 2 in the background atmosphere and its distinctive spectral signatures in both ultraviolet (UV) and infrared (IR) enable much easier detection using remote sensing methods than more abundant volcanic volatiles such as water (H 2 O) or carbon dioxide (CO 2 ) [Edmonds, 2008; Oppenheimer et al., 2011] . Measurements of SO 2 afford insight into the storage and release of volatiles from magmas and hence the dynamical and chemical controls on volcanic eruptions, making the monitoring of SO 2 a key component of volcanic hazard mitigation and potential eruption forecasting [Symonds et al., 1994; Edmonds, 2008; Galle et al., 2010; Oppenheimer et al., 2011] . Quantification of volcanic SO 2 emission budgets on regional to global scales is also important to understand the role of volcanoes in large-scale cycling of volatiles between Earth's mantle and atmosphere [Andres and Kasgnoc, 1998; Mather et al., 2006; Fischer, 2008; Wallace and Edmonds, 2011; Mori et al., 2013] and the impact of emitted gases on Earth's atmosphere, climate, terrestrial ecosystems, and human population over various spatial and temporal scales [Robock, 2000; Delmelle, 2003; Hansell and Oppenheimer, 2004; IPCC, 2007; Schmidt et al., 2012] .
Despite a wealth of sensitive remote sensing techniques with which to measure SO 2 emissions (for a recent review, see Oppenheimer et al. [2011, and references therein] ), persistent degassing into the troposphere at the great majority of volcanoes worldwide is rarely or never monitored due to the prohibitive costs of installing and maintaining ground-based instrument networks in remote and poorly accessible locations [Sparks et al., 2012] . A potential solution is the use of satellite-based spectrometers, which are becoming
Assessing OMI as a Tool for Volcano Monitoring
Since its launch in late 2004, OMI has provided a daily datastream of atmospheric SO 2 column concentrations with near global coverage (note that since late 2008 this coverage has been reduced as a result of the so-called OMI Row Anomaly, http://www.knmi.nl/omi/research/product/rowanomaly-background.php). OMI's combination of a nadir spatial resolution of 13 × 24 km 2 and high spectral resolution in the UV-2 channel (307-383 nm) used for SO 2 retrievals offers unprecedented sensitivity to SO 2 for a satellite-based sensor . OMI was the first satellite instrument for which a publicly available online archive of operational SO 2 vertical column densities (VCD) was provided, avoiding the need for a volcanologist user to perform retrievals on the level 1 UV radiance data set. The data can be visualized on the Global Sulphur Dioxide Monitoring homepage (http://so2.gsfc.nasa.gov/), can be downloaded from the Goddard Earth Sciences Data and Information Services Centre (GES DISC, http://disc.sci.gsfc.nasa.gov/), and can be plotted with a set of IDL routines, collectively called OMIPLOT , downloadable from https://vhub.org/ resources/682).
The OMI data set has enabled many new contributions to volcanology and the space-based remote sensing of SO 2 emissions, including the following: the identification and characterization of major but previously poorly known volcanic sources of SO 2 [Bani et al., 2009a [Bani et al., , 2009b McCormick et al., 2012] , as well as major anthropogenic sources [Carn et al., 2007b; NASA, 2008] ; new arc-scale surveys assessing the relative strength and persistence of multiple active volcanoes and linking trends in observed SO 2 to volcanic activity Carn and Prata, 2010; Bani et al., 2012; McCormick et al., 2012] ; detection of eruptions at remote or unmonitored volcanoes Ferguson et al., 2010; Gardine et al., 2011; Carn et al., 2013] ; and tracking of drifting SO 2 eruption clouds for aviation hazard mitigation Thomas et al., 2011] .
It is noteworthy, however, that "monitoring" of gas emission is typically taken to mean regular (often daily) quantitative assessment of the amount of SO 2 being released by a volcano. It is currently not widely accepted that OMI (or any other satellite-based sensor) truly has this capability. Long-term total arc-scale SO 2 emissions budgets calculated from OMI data for Ecuador , Vanuatu [Bani et al., 2012] and Papua New Guinea [McCormick et al., 2012] appear consistently to be large underestimates (∼40%) relative to those calculated from ground-based measurements. The limited volcanology-related validation of the OMI SO 2 product which exists either focuses on opportunistic studies of drifting eruption clouds in the upper troposphere/lower stratosphere (UTLS) [Spinei et al., 2010; Carn and Lopez, 2011; Lopez et al., 2013] rather than persistent lower intensity degassing into the free troposphere or planetary boundary layer or is inconclusive due to measured SO 2 concentrations falling very close to the instrument's detection limit .
Major uncertainties limiting the interpretation of OMI data require further investigation, including the following: the impact of widely variable detection limits with altitude, latitude, and season ; a range of factors impacting observation conditions such as meteorological cloud cover, the OMI row anomaly, heavy plume ash loadings, and off-nadir viewing geometries [McCormick et al., 2013] ; and, perhaps most importantly, the impact of atmospheric processing on SO 2 mass prior to satellite overpass and measurement. SO 2 can be oxidized to sulphate (SO 2− 4 ) through both homogeneous and heterogeneous processes. In the gas phase, oxidation occurs by reaction with hydroxyl radicals (OH • ), while aqueous-phase oxidation involves reaction with H 2 O 2 and O 3 [Saxena and Seigneur, 1987; Seigneur and Saxena, 1988; Eatough et al., 1994] . Although measurements of these reactions in volcanic plumes are sparse, studies of industrial smokestacks suggest that very rapid conversion rates of SO 2 (> 10% h −1 ) can be achieved [Eatough et al., 1994] . SO 2 can also be removed from the atmosphere by dry deposition and undergo advective transport by prevailing winds. Determining whether changes in daily SO 2 mass loading are the result of the variable extent of this postemission modification, as opposed to changes in volcanic source strength (i.e., SO 2 emission rate), is an essential step toward the use of satellite data sets in monitoring volcanic degassing.
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Integrating Ground-and Satellite-Based Gas Data Sets
Direct comparison between data sets obtained from satellite-and ground-based measurements is complicated by their distinct approaches. Ground-based data sets typically comprise SO 2 emission rates measured with differential optical absorption spectroscopy (DOAS) by miniature UV spectrometers [Edmonds et al., 2003; Galle et al., 2010; Oppenheimer et al., 2011] . Measurements are made close to the volcano (within a few kilometers of the vent) and shortly after emission (frequently <1 h). Fresh volcanic plumes are poorly mixed and highly heterogeneous, and this method samples this heterogeneity with a very different degree of averaging to satellite-based measurements, often made across much greater spatial scales (typical footprints are several km 2 ). Additionally, ground-based automatic scanning spectrometers measure gas emissions continuously over a period of several hours and hence may observe a range of degassing behavior. UV satellite instruments with a single daily overpass are limited to a near-instantaneous snapshot of atmospheric SO 2 mass loading, though observations of older gas plumes downwind are also possible. Several hours may intervene between emission of volcanic gas and its measurement by local ground-based instruments, and the subsequent overpass and observation by a satellite-based instrument. During this time extensive chemical reaction, physical deposition processes, and plume transport and dilution may reduce (or disperse below detection) the mass of SO 2 in the volcanic cloud. If satellites are to play a role in the monitoring of volcanic degassing-and their use offers the great advantage of regular observations on a global scale-these issues must be overcome or at least be better understood.
Some earlier studies have "derived" SO 2 emission rate from satellite observations of SO 2 mass loading, with the aim of a more representative comparison with ground-based data sets. Various methods have been developed, each best suited to particular conditions. Lopez et al. [2013] demonstrated the "scene lifetime method" using airborne measurements of wind speed and OMI observations of plume length to estimate SO 2 lifetime in the tropospheric plume of Redoubt volcano, Alaska. Emission rates were then derived using the generic residence time equation:
where Q is SO 2 emission rate, M is SO 2 mass loading, and is SO 2 lifetime, which is estimated from independently observed wind speed under the assumption of a steady state balance between SO 2 emission and removal Lopez et al., 2013] . This approach is appropriate for elongate linear plumes without significant bifurcation, whose length in the direction of overall downwind transport can easily be gauged, allowing SO 2 lifetime to be estimated. Estimating emission rates from discrete drifting clouds of SO 2 , perhaps resulting from minor explosive eruptions, are not well suited to this approach. Lopez et al. [2013] showed strong correlation between satellite-and ground-based estimates of SO 2 emission rate, though OMI estimates were consistently lower than those of the ground-based DOAS instruments.
Where other data are available to constrain SO 2 lifetime, a broader range of plume geometries can be considered since there is no need to evaluate the OMI scene in the lifetime calculation. Later in this article, we use SO 2 lifetimes calculated from Regional Model with Tracer Extension (REMOTE) model simulations to derive emission rates from OMI-measured mass loadings, the "model lifetime method. " Similarly, direct measurements (e.g., of downwind changes in SO 2 column density) could be used to evaluate atmospheric lifetime and applied to the emission rate calculations.
An alternative method, termed the "transect method, " is analogous to ground-based or airborne spectrometer measurements, where integrated SO 2 concentrations in the plume cross section are multiplied by wind speed to either reconstruct a time series of emission rate or provide enough values to calculate a representative average [Merucci et al., 2011; Campion et al., 2012; Carn et al., 2013] . This requires a high resolution wind data set, and although it can be used for near-vent measurements, OMI's coarse spatial resolution (specifically the effect of spatially averaging a subpixel plume) limits the accuracy of these estimates compared to those from satellite instruments such as ASTER.
More recently, Carn et al. [2013] presented a method of deriving emission rate from a single OMI pixel, again assuming steady state conditions between input of SO 2 to the pixel and its removal solely by advection; this method is a development of that described by Ichoku and Kaufman [2005] to calculate aerosol emissions from MODIS observations of biomass burning. This method requires detailed knowledge of the wind field also, particularly the relative direction of the wind to the orientation of the OMI pixel in question. The method works best where a plume is confined to a single pixel and so can be used very close to source and 10.1002/2013JD019771 also where the assumption of advection-only removal is more likely to be valid, such as in cloud-free scenes with long SO 2 lifetimes (e.g., high latitudes).
This study compares ground-and satellite-based measurements of persistent lower intensity SO 2 degassing at Tungurahua volcano, Ecuador, in order to further evaluate OMI for volcano monitoring. We use a regional-scale atmospheric chemistry/transport model, REMOTE, to aid the comparison of satellite-and ground-based SO 2 emissions data sets as well as investigating the impact of atmospheric processing on OMI observations of SO 2 . We use REMOTE to simulate the postemission fate of SO 2 released from Tungurahua volcano, in terms of oxidation, deposition, and transport of SO 2 . Tungurahua was chosen since its emissions have been previously studied with OMI observations as well as ground-based data sets Arellano et al., 2008] and measurements of SO 2 emission using ground-based spectrometers that continue to the present day. The use of a chemistry/transport model allows a bridging of the gap in time which separates ground-based measurements of Tungurahua's SO 2 emission rate (used here as the model input) from the atmospheric column densities (or mass loadings) ultimately measured by OMI, which are compared with simulated SO 2 column densities (the model's output). The mismatch in spatial resolution between the two data sets is also avoided by this method. Boichu et al. [2013] and Theys et al. [2013] used combinations of inverse modeling with various satellite SO 2 products to reconstruct SO 2 emission rate time series for the eruptions of Eyjafjallajökull, Puyehue-Cordón Caulle, Nabro, and Nyamulagira. Our work complements these earlier studies due to our focus on persistent, quasi-passive emissions into the free troposphere rather than sporadic eruptions, and our aim is to assess the potential for satellite-based monitoring of continuous emissions such as these. [Siebert and Simkin, 2002] . Sustained eruptions have occurred roughly once per century, for the past ∼1300 years [Hall et al., 1999] . The current eruption (1999 to present) is characterized by the alternation of explosive Vulcanian and Strombolian episodes with periods of lower intensity gas, steam, and minor ash emissions . Larger subplinian and plinian eruptions occurred in July and August 2006, respectively [Steffke et al., 2010 ]. Tungurahua's activity has included pyroclastic flows, lava flows, lahars, and tephra and ash falls, so it is considered a major hazard to around 25,000 people in the surrounding area as well as to the Agoyán hydroelectric dam, to the northeast of the volcano [Hall et al., 1999] . Drifting volcanic clouds from explosive eruptions pose a potentially serious threat to the aviation community [Steffke et al., 2010] . Monitoring of the volcano is performed by the Instituto Geofísico de la Escuela Politécnica Nacional (IGEPN), with seismological, geochemical, thermal, geodetic, acoustic, and other observational techniques overseen from the Observatorio del Volcán Tungurahua (Figure 1 ). (Figure 3d ). The level of detail between daily reports is inconsistent, but the overall pattern is comparable throughout, with frequent ashfall around the volcano, plume heights varying between 5 and 9 km altitude, and frequent explosions recorded by IGEPN's seismometer network. The number of daily explosions might be used as a proxy for intensity of activity, though until 10 November when 64 were reported, the daily total never exceeds 25. Following this date, the total explosions remained below 30 per day, until the final 5 days of the study period (25-30 November) when 77, 185, 116, 162, and 133 explosions, respectively, were reported ( Figure 3d ). The observatory reports describe a period of sustained inflation measured by tiltmeters from 4 to 21 October, which was then followed by significant deflation and higher reported gas emissions (reflected in higher mean SO 2 emissions measured by ground-based UV DOAS spectrometers in November rather than October-see following section). The interpretation suggested in the IGEPN reports is of a shallow magma intrusion, which produced increased seismicity and degassing but did not lead to a major eruption, in contrast to the August 2006 eruption [IGEPN, 2007a [IGEPN, , 2007b [IGEPN, , 2007c .
Tungurahua Volcano

REMOTE Simulations
REMOTE (Regional Model with Tracer Extension) was developed in order to simulate the postemission dispersal and processing of a range of natural and anthropogenic trace gas and aerosol emissions [Langmann, 2000] and has already been applied to volcanic SO 2 emissions in Indonesia [Pfeffer et al., 2006] and Nicaragua [Langmann et al., 2009] ; other studies have simulated volcanic ash transport, forest fire emissions, and anthropogenic pollution [Marmer and Langmann, 2005; Langmann et al., 2010; Pfeffer et al., 2012; O'Dowd et al., 2012] .
REMOTE combines the physics of the earlier regional climate model REMO, with added tropospheric chemistry [Langmann et al., 2009; Pfeffer et al., 2012] . Trace gases can undergo a range of chemical reactions and in addition be removed from the model domain by either transport processes or wet/dry deposition. Gas-phase chemistry is based on the RADM II model [Stockwell et al., 1990] . Since emissions from anthropogenic and natural sources are not available in the spatial resolution necessary for the chosen study, photooxidant precursor concentrations (e.g., NO and CO) are prescribed as constant background concentrations. This enables the model to reasonably simulate the diurnal cycle of photooxidants like OH • and H 2 O 2 which are important for sulphate formation. Oxidation of SO 2 to sulphate can occur by both gas-and aqueous-phase reactions, though their relative contribution is not explicitly distinguished in the model's output. Physical transport processes modeled include horizontal and vertical advection [Smolarkiewitz, 1983] , vertical transport in convective cloud [Tiedtke, 1989] , and vertical turbulent diffusion [Mellor and Yamada, 1974] . To ensure that the meteorological conditions do not continue to deviate over the course of the simulation, all meteorological data are reinitialized every 24 h from European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis data, whereas chemistry and tracer transport are simulated continuously.
In this study, the REMOTE model setup is similar to that in Langmann et al. [2009] . REMOTE uses 40 vertical layers between the Earth's surface and the 10 hPa pressure level, ∼32 km altitude. The horizontal resolution is 0.1
• (∼10 km), which is finer than OMI's nadir footprint. The model domain (75-86
extends westward from central Ecuador over the Pacific Ocean and encompasses the typical extent of Tungurahua's SO 2 plumes, based on OMI daily scenes. The horizontal resolution of 10 km results in a certain degree of topographic smoothing, with the height of the volcano being underestimated. SO 2 injection altitude was fixed at 7 km, which is considered representative of reported SO 2 plume height during the study interval. Validation of REMOTE's ability to produce local metereological conditions was demonstrated by Langmann et al. [2009] via comparison with satellite-based precipitation and wind speed data sets. Carn et al. [2008] ), which is attributed to the volcano's persistent and relatively high long-term mean SO 2 emission and OMI's relatively low SO 2 detection limits (∼ 30-60 × 10 3 kg SO 2 ) in low latitudes and midtropospheric altitudes (>5 km) . Carn et al. [2008] showed that trends in a 2 year time series of daily SO 2 mass loadings over Tungurahua could be related to changing intensity of eruptive activity, including the waning and waxing of consecutive eruption cycles, and long-term increasing SO 2 emission prior to the major explosive eruptions of July and August 2006. Significant variation in plume SO 2 mass and geometry can be seen in daily OMI scenes, and these can be interpreted to reflect different states of activity, such as continuous, quasi-passive degassing or more pulsed emission associated with explosive activity (Figure 2 ). Discrete drifting clouds with central SO 2 column density maxima tend to represent earlier explosively released SO 2 emissions, while elongate plumes with their maximum SO 2 pixel over the volcano typically reflect persistent degassing with decreasing SO 2 column density downwind. Attempts to correlate interpretations of activity based on visual inspection of OMI scenes with available daily IGEPN 10.1002/2013JD019771 observatory reports proved unsuccessful: none of the days mentioned above with particularly high numbers of explosions corresponded to OMI scenes with obvious discrete drifting SO 2 clouds. Overall, 16 daily OMI scenes were interpreted as indicating mostly explosive SO 2 release, while the remaining 43 showed more continuous plumes.
SO 2 Emissions Data Sets
The OMI data used in this study is operational Level 2 OMSO2 data derived from Level 1 radiances with the linear fit (LF) algorithm of Yang et al. [2007] . The retrieved SO 2 column densities were calculated assuming the SO 2 layer's center of mass altitude (CMA) lies at 7.5 km; plume heights during the study period area were reported as 5-9 km altitude, so this is considered reasonable. Based on the high altitude of Tungurahua's summit and the volcano's topographic prominence, we make the assumption that the plume will always enter the free troposphere rather than become trapped in the boundary layer. A study region between 75-86
• W and 4
• S-1
• N was defined based on maximum observed plume extents in daily OMI scenes, and daily SO 2 mass loadings were calculated using OMIplot routines. All daily scenes were inspected for contributing emissions from other volcanoes nearby: Reventador lies near the northern margin of the domain, but no significant plumes were observed during the study period, and no drifting SO 2 clouds from eruptions elsewhere traversed the domain. The apparent SO 2 mass loading over a similar-sized domain offshore to the west which was unaffected by the plume was calculated and subtracted from each daily mass loading over the study region in order to correct for background noise.
Errors and Uncertainties
Error analysis of the operational OMI SO 2 product is the focus of ongoing investigation and difficult to express quantitatively. For optimum viewing conditions (low cloud fraction, free tropospheric plume without significant ash content, and low solar zenith angle) where the altitude of the SO 2 plume is accurately known, retrieval errors are chiefly determined by radiative transfer calculation errors and those arising due to noise in the instrument's radiance measurements and should be <5% . However, such a scenario is rarely encountered. In this study, the main potential sources of error we identify are uncertain or variable SO 2 plume altitude, potentially widespread cloud cover, and increases in plume opacity arising from higher ash contents during explosive intervals at Tungurahua.
The assumed 7.5 km SO 2 plume CMA is considered valid for the majority of Tungurahua's emissions, with SO 2 mass loadings in plumes at lower or higher altitudes, respectively, being overestimated or underestimated, respectively, by ∼10% for the variation in plume altitude reported (5-9 km). Under clear sky conditions, linear scaling may be used to adjust retrieved SO 2 VCDs for changes in plume altitude , though this is not attempted here since reliable plume altitude estimates are not available on a daily basis at Tungurahua.
Tungurahua experiences persistent and widespread cloud cover due to its equatorial location and humid atmosphere, with weather systems typically arriving from the rainforested region to the east, based on prevailing easterly winds. OMI measurements of reflectivity over a domain considered representative of typical SO 2 plume location are a good proxy for cloud fraction and can be plotted alongside daily OMI SO 2 mass observations (Figures 3a and 3b ). While we note generally high cloud fractions (reflectivity is mostly ∼30-60%, mean = 47%), there is only limited evidence from this plot for reduced OMI mass loadings coinciding with peaks in cloud fraction, for example, on 7 October and 4, 7, 17, and 30 November; other peaks do not coincide with reduced SO 2 mass loading. Visual inspection of OMI daily scenes can also aid assessment of cloud interference: composite plots of SO 2 mass loading and reflectivity are suggestive of cloud cover obscuring the volcano on 12 and 19 October as well as 4 and 30 November (see http://so2.gsfc.nasa.gov/). We suggest that due to the high altitude of SO 2 injection from Tungurahua, OMI SO 2 plumes are generally emplaced above the cloud deck rather than below. In this case, errors would be reduced due to the higher reflectivity of the cloud tops increasing backscatter of UV radiation. This is clearly a broad assumption, however, and we note that while 10-20% errors in the LF retrieval algorithm are estimated for interference by subpixel meteorological cloud [Yang et al., 2007] , this error may increase dramatically with cloud fraction . A comparison of SO 2 mass loadings retrieved assuming plume CMAs of 2.5 km and 7.5 km show reasonable linear correlation (r 2 = 0.81), which we consider sound evidence for only limited cloud interference in the retrievals (Figure 3 ).
The impact of ash on the LF retrieval is not well quantified, and we make no assessment of this potential error here. While Tungurahua is prone to regular minor explosive eruptions, we anticipate that the ash Figure 3 . (a) Time series of daily SO 2 mass loading measured by OMI and mean daily SO 2 emission rate measured by ground-based DOAS and derived using scene lifetime method from coincident OMI observations. Gaps in the OMI data set indicate the instrument's twice-monthly day of operation in so-called zoom mode [Levelt et al., 2006a [Levelt et al., , 2006b ; note that error bars of 23% for OMI and 42% for DOAS are omitted for clarity; (b) time series of OMI-observed daily mean scene reflectivity for plume pixels; (c) comparison of SO 2 mass loading data sets where the lower troposphere (TRL) and medium troposphere (TRM) retrievals are used; (d) time series of daily explosions reported at Tungurahua in IGEPN reports; may be considered a crude proxy for plume ash content.
loading for these is unlikely to be major for significant quantities to remain in the plume for long periods of time.
A final consideration is that changing OMI viewing geometry through the satellite's orbital cycle may impact column density and mass loading estimates [Lopez et al., 2013] . The instrument's swath is binned into 60 pixel rows in the cross-track direction, which increase in size off-nadir to a maximum of 24 × 160 km 2 . Increasing viewing angle therefore corresponds to a loss of spatial resolution, which can preclude the detection of smaller SO 2 plumes or contribute to underestimates in mass loading. Plume extents and margin may also be poorly constrained relative to near-nadir viewing scenes. SO 2 plumes were observed at particularly large viewing angles on 2, 11, 18, and 27 October and 3, 12, 19, and 28 November, and these days must therefore be interpreted with caution.
Overall, by calculating total error as the square root of the sum of each individual error squared, we estimate each daily OMI SO 2 mass loading to be subject to ∼23% error. We note that this estimate is likely to be a minimum due to the uncertain impacts of increased cloud fraction, potential for ash in the plume, and days where the plume lies at the edge of OMI's swath. The error on derived emission rate estimates (see discussion below) will also be slightly larger due to error on the wind speed data used.
Ground-Based Measurements of SO 2 Emissions
IGEPN have monitored SO 2 emissions from Tungurahua since 1998, initially using a correlation spectrometer (COSPEC), and post-2004 using automatic scanning UV DOAS instruments . The mean daily SO 2 emission rate during 1999-2006 was 1458 × 10 3 kg day −1 , with a standard deviation of 2026 × 10 3 kg day −1 , reflecting the significant variability in degassing between more eruptive versus more quiescent phases of activity as well as errors in the emission rate calculation resulting from poorly constrained wind speed, for example. In 2007, a new network of scanning DOAS instruments was installed at Tungurahua through the NOVAC program [Galle et al., 2010] ; there are presently four spectrometers at four stations on the volcano's flanks (Figure 1 ). During our study period of October and November 2007, three instruments were operational at Bayushig, Huayrapata, and (for the final few days only) Pillate stations. Each instrument makes several tranverse scans of the plume during daylight hours, with an emission rate calculated after each complete scan by multiplying the measured integrated SO 2 concentration in the plume cross section with wind speed in the direction of transport. These near-real-time measurements of emission are typically averaged to estimate a daily mean value. We identified the most representative daily mean emission rate estimate to be from that station which met at least two of the following criteria: (1) where the highest value of SO 2 emission rate was calculated; (2) which was closest to the plume; and (3) which had the most complete scans of the full extent of the plume. From this selection a composite time series of SO 2 emission rate throughout October to November 2007 was obtained (Figure 3 ). We note that these selection criteria have the potential to contribute to some overestimation of emission rates, especially on days where the plume may be particularly close to one station.
Errors and Uncertainties
The error in ground-based UV DOAS measurements of SO 2 emission rates arises from combined errors in spectroscopy, measurement geometry, atmospheric scattering, and wind parameters [Kern, 2009; Galle et al., 2010] .
Errors associated with the DOAS retrieval itself, spectrometer stray light, and with temperature effects are generally small (<10%) [Kern, 2009] and have been well characterized experimentally [Galle et al., 2010] . The major error related to measurement geometry is plume height. While plume height can be calculated trigonometrically from simultaneous plume observations by two instruments, this remains relatively rare operationally, and estimates of this kind are not routinely made at Tungurahua. Instead, plume height is fixed at 5 km, i.e., vent altitude, which is likely to be an underestimate of true plume height, particularly on days characterized by more explosive activity. Without a reliable daily plume height data set, this error is difficult to quantify. The generic error schemes for DOAS measurements of volcanic plumes described by Kern [2009] and Galle et al. [2010] suggest 15-40% as a potential range.
Uncertain wind direction and speed are the most widely discussed sources of error in SO 2 emission rate data sets. Plumes which make a perpendicular intersection with an instrument's scanning plane result in negligible error, while deviations of 90
• from the perpendicular result in 100% error [Kern, 2009] . In selecting data from one station per day, we were able to avoid using any data from days where intersection angles were > 45
• from perpendicular. Arellano et al. [2008] suggested 10% error results from deviations of 30
• from perpendicular, which is likely to be reasonably appropriate for this study.
Reliable wind speed data sets are required to assess plume speed, a key parameter in emission rate calculations. Operationally within the NOVAC network, wind data comes from global models; at Tungurahua the data used are the ECMWF ERA-Interim reanalysis data set [Dee et al., 2011] . Future strategies might include direct calculation of plume speed from DOAS measurements [Galle et al., 2010; Boichu et al., 2010; Williams-Jones et al., 2006] , but these are not yet widely in routine use. The value of wind speed and direction for the model grid point closest to the location of Tungurahua is noted once per day, being selected as the one of four daily model updates closest in time to the hours of measurement. The spatial resolution of the model (14 × 16 km 2 ) precludes account being taken of local topographically induced variations in wind speed, which may significantly affect calculated SO 2 emission rates [Nadeau and Williams-Jones, 2009] . The average speed and direction of the wind data used in calculation of the IGEPN SO 2 emission rate data set used in this study agree closely with both a 7 year (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) measured wind speed data set reported near Tungurahua and the long-term average provided by NCEP-DOE Reanalysis 2 data (accessed via Palma's [2013] Wind Reanalysis tool, available online at https://vhub.org/resources/ windre/). As will be shown later (see Figure 6 ), there is also broad agreement between ECMWF and REMOTE mean wind speeds, though we note that some differences are to be expected since the two data sets have Arellano et al. [2008] suggest a 30% error arising due to uncertainty in wind speed, which again is considered likely to be appropriate here.
Lastly, much recent work has focussed on two competing radiative-transfer-related effects as potentially major sources of error in published and operational DOAS-measured SO 2 emission rate data sets. Multiple scattering of photons due to particles (e.g., ash, aerosol, and condensed water) within a plume can increase optical path length and overestimate plume SO 2 amounts, while light which has not encountered the plume may be scattered into the instrument field of view, which dilutes the measured absorption signal, effectively underestimating SO 2 plume amounts [Kern, 2009; Galle et al., 2010; Kern et al., 2010] . The failure to take account of realistic radiative transfer effects such as these is a major uncertainty in most operational DOAS SO 2 data sets. Recent theoretical and modeling work and preliminary field testing [Kern et al., 2012] suggest resulting underestimates in measured emission rates of 20-90%, depending on factors such as SO 2 and aerosol column densities. Further investigation into these effects and their impact on DOAS monitoring of SO 2 emissions is urgently needed but are beyond the scope of this study. Kern [2009] proposes that 30% error due to these uncertainties is a reasonable minimum estimate.
Overall, calculating in the same way as for the OMI data set, we estimate a ∼42% minimum error on each emission rate value arising from a complete scan of the volcanic plume. This error could be significantly higher on certain days. While subdaily variation in measured emission rate must exceed the bounds of this error to be considered as true variability, it will be seen from the large standard deviation on the daily mean emission rates that we report throughout this paper that high variability within each day is also an important factor to consider when analyzing this data set.
Direct Comparison of OMI and Ground-Based Data Sets
The complete 2-monthly time series of ground-based measurements of daily mean SO 2 emission rate is shown in Figure 3a , alongside the corresponding daily SO 2 plume mass loadings measured by OMI and other parameters relating to OMI measurements. Noting that emission rates and mass loadings should not, strictly, be directly compared in quantitative terms (see earlier discussions), the generally weak agreement in pattern evident between these data sets demonstrates that increased SO 2 emission rate from Tungurahua does not simply correspond to increased atmospheric SO 2 mass over the volcano detected by OMI. Most notably, none of the sharp peaks in emission rate measured by ground-based DOAS instruments (e.g., 12, 19, 26, and 29 October and 19 and 25 November) correspond to peaks in mass loading. The only interval with reasonable agreement between the ground-and satellite-based data sets is roughly ∼3-14 November. The mean SO 2 emission rate from DOAS measurements is 683.7 × 10 3 kg day −1 , while the mean daily SO 2 mass loading measured by OMI is 448.8 × 10 3 kg. The percentage difference between these two values (percentage difference calculated as difference between two means divided by their average) of 41.5% is comparable to that found in previous comparisons of OMI and ground-based DOAS SO 2 data sets Bani et al., 2012; McCormick et al., 2012] .
Figure 3 also shows a time series of SO 2 emission rate derived from OMI observations using the scene lifetime method Lopez et al., 2013] , alongside the ground-based data set. Emission rate from a scene is equal to the plume mass multiplied by the plume speed divided by the plume length. Speed was obtained from REMOTE simulated windfields, which due to the better spatial resolution were considered favorable to the reanalysis data sets used by IGEPN at Tungurahua; plume lengths were measured using OMIplot routines. The overall agreement between these two data sets appears to be slightly improved relative to that discussed in the preceding paragraph, though the incompleteness of the derived satellite data set, owing to unsuitable plume geometry on 16 days (11 from October, five from November), precludes any systematic comparison. The sharp peaks in the ground-based data set are again unmatched by corresponding peaks in the satellite data set. The percentage difference, calculated as before, between OMI scene-derived and ground-based DOAS-measured SO 2 emission rate is 35.1%, a slight improvement on the use of mass loadings and emission rates together but still comparable to the previously observed underestimates by OMI.
The extreme peaks in measured SO 2 emission rate, as well as the extremely low values, are difficult to interpret in terms of major changes in volcanic degassing or other activity owing to the inconsistent detail available in observatory reports. It is, in any case, misleading to assume that increases in visible activity or seismic activity, for example, would necessarily correspond to increased SO 2 emission or other simply evident correlation. It is theoretically possible to account for these extreme values by consideration of certain
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of the errors in the SO 2 data sets, as discussed above. Increased plume ash content and hence increased opacity could impede effective DOAS or OMI SO 2 retrievals, leading to minima in the retrieved quantity. Equally, however, cloud cover could have the same result, and high plume particle contents could (through multiple scattering) alternatively contribute to overestimations of SO 2 concentrations (and hence mass loadings or emission rates); no correlation, however, was found between daily emission rates and number of explosions, which could be considered a rough proxy for ash in the plume. We also note that our selection criteria for the DOAS data (see section 4.2) is likely to introduce some bias toward higher values, though our use of combined criteria should ensure that no erroneously high values are selected. To seek explanation for these extreme values in such ways remains speculative, and it would not be appropriate to remove days where it was assumed that one particular source of error led to the data being unreliable. At this point, we merely draw attention to this high frequency variability in the data sets and note that in a subsequent section of this article (section 8) we consider time-averaging of the SO 2 emissions data sets as a potential means of suppressing this variability in order to isolate broader underlying patterns.
A longer term and more preferable solution is of course to reduce the errors in each data set. On the ground-based side, the use of direct wind and plume height measurements to complement or replace the current general estimates used (whether informed by regional meteorological models or observations of typical volcanic activity) would significantly reduce uncertainties, as will continuing study into the impact of badly constrained radiative transfer assumptions in the operational DOAS retrieval. Considering OMI, the key uncertainties of subpixel meteorological cloud and plume ash content both require further investigation. In the former case, coincident observations of SO 2 plumes by OMI and cloud maps by another A-train satellite such as MODIS would be an interesting case to pursue.
In summary, direct comparison of daily satellite and ground-based SO 2 data sets, whether using mass loading or emission rate, clearly does not produce convincing agreement. Average values of each data set are different by 35-40%, which is similar to previous studies, as outlined. We explore whether the use of the REMOTE model can facilitate a more effective comparison and potentially reduce these differences.
Simulations of SO 2 Plume Dispersion
Model Output From Runs With Fixed SO 2 Input
REMOTE simulations were performed for October and November 2007, using fixed monthly mean SO 2 emission rates of 604 × 10 3 kg day −1 and 766 × 10 3 kg day −1 , respectively.
A comparison of REMOTE-simulated SO 2 VCD maps to those from OMI observations reveals only limited agreement (Figure 4 ). In monthly time-averaged maps, SO 2 plumes in both observed and simulated data sets exhibit dominantly westward transport of the volcanic plume and decreasing SO 2 VCDs downwind. REMOTE is able to broadly reproduce both the observed dispersion pattern and magnitude of SO 2 emissions, with more agreement in terms of the latter in November than in October. Plume geometries are rather dissimilar, however, with OMI observed plumes having a more ragged appearance to their margins, often multiple SO 2 maxima, and more prominent bifurcations. These differences arise since REMOTE simulates the constantly ongoing dispersal and processing of a fixed (each month) and continuous SO 2 emission rate from the volcano. OMI observations, however, record more complex dispersal patterns, since they are produced from a series of instantaneous snapshots of the plume and may capture transient explosive events as well as sustained persistent degassing, short-lived perturbations in the general wind field, or particularly thick cloud overlying some or all of the plume. The OMI plume maps effectively have variable SO 2 emission, processing, and viewing conditions convolved together, which can make them difficult to interpret in terms of changing volcanic activity.
The simulated SO 2 plume maps are clearly of little use themselves as a means of validating OMI SO 2 maps, though arguably a more sophisticated simulation with SO 2 emission rate and altitude of injection varying at high frequency (together with the variable meteorology which REMOTE already exhibits) could perhaps approach this. Our aim instead is to explore the variability evident in the simulated SO 2 VCD maps, which results solely from SO 2 processing-the input of SO 2 to the model is fixed, and unlike OMI there are no changing observation conditions to consider. Visual inspection of 10 day time-averaged simulated plume maps (Figure 4 ) confirms that relatively significant variation in plume dispersion direction, plume geometry, downwind decrease in VCD, and overall magnitude can occur from changes in the combined effects of oxidation, deposition, and transport of SO 2 . For example, the 11-20 and 21-31 intervals of October show much less consistent westward dispersal, as does 1-10 November compared to the rest of the month. Higher VCDs persist for greater distances downwind in 1-10 October and 11-30 November than at other times.
Simulated daily SO 2 mass loadings in October to November 2007 vary between ∼400 and 1000 kg × 10 3 kg SO 2 (Figure 5a ). When daily mass loading rises above the value of daily input (i.e., monthly mean SO 2 emission rate-shown as a dashed horizontal line in Figure 5a ), this indicates that SO 2 is generally retained in the model domain for longer; conversely, when daily mass falls below the value of input, SO 2 removal has a greater influence. Peaks and troughs in the REMOTE SO 2 mass loading time series are thus interpreted as intervals of relatively reduced or increased processing. While there is no strong agreement in trend between the model data set and the OMI observations of SO 2 mass loading, we propose that certain common peaks and troughs (e.g., 16-30 November) may indicate that plume processing does influence the SO 2 mass measured by OMI, at least under some circumstances. Overall mean daily SO 2 mass loading from the simulations is 508 × 10 3 kg SO 2 and 612 × 10 3 kg SO 2 for October and November, respectively, compared to 396 × 10 3 kg SO 2 and 507 × 10 3 in the OMI data set. This equates to a percentage difference between the data sets of 24.9% and 18.7% in October and November, or 22.0% overall, compared to 42% calculated between mean OMI mass loadings and DOAS emission rates. Throughout the study period, 10 day mean SO 2 mass loadings in the OMI and REMOTE data sets show better agreement than was previously shown between OMI and DOAS data set. The use of the model clearly improves the bulk difference between the satellite and ground-based data sets. Mean SO 2 loadings from OMI observations are closer to those calculated from REMOTE simulations than they are to the mean emission rates calculated from the DOAS data sets (Table 1) .
Recalculating Model Output Based on Variable SO 2 Emission Rate as Input
A more representative comparison between REMOTE simulations and OMI observations of course must account for changes in volcanic emission rate (i.e., source strength). Since the availability of reactant oxidant molecules such as OH
• and O 3 in REMOTE is prescribed, in good approximation the model's output, SO 2 mass loading, responds linearly to changes in input, SO 2 emission rate. By dividing each simulated daily SO 2 loading in Figure 5a by the monthly mean emission rate and then multiplying by daily mean emission rate (from the ground-based DOAS data set), a new time series can be plotted (Figure 5b ) which gives an indication of the combined impact of variable volcanic source strength and variable extent of SO 2 processing.
Following this recalculation, the shape of the REMOTE SO 2 time series changes dramatically, having many more extreme values than the original simulated output. This arises from the highly variable nature of the DOAS-measured SO 2 emission rate data used to calculate the scaling factor. Indeed, the recalculated REMOTE output closely resembles in shape, as we would expect, the DOAS emission rate time series. However, this model time series, being of mass loading rather than emission rate, can be directly compared to the OMI observations, and between these time series at certain points there is clearly better agreement than between either (1) the OMI and ground-based data sets or (2) the OMI and original REMOTE data sets. For example, in the month of November, the shape of the two time series is very similar, with exceptions which can often be easily explained, such as the missing OMI data on the days when the instrument was operating in "zoom mode" [Levelt et al., 2006a] . Peaks in the model data set (arising from the underlying peaks in DOAS-measured emission rate) on 20, 25, and 27 November are all unmatched, however, and in addition to these days there are notably large discrepancies between simulations and satellite observations on 1, 7, 15, and 26 November. We note that among these days 15 November had higher than average scene reflectivity ( Figure 3b) ; though this is not the case on the other days cited, it may be that increased cloud cover resulted in some obscuring of the OMI plume.
Agreement in shape of the two time series is worse in October, with very few intervals of more than 1 or 2 days where the two data sets are comparable (the fall and rise between 13 and 17 or increase from 22 to 24 are perhaps the most convincing intervals for a common trend). There are significantly more extreme values in October, again resulting from the underlying ground-based data set. The wide difference between OMI and REMOTE SO 2 mass loadings on 7, 8, and 19 October could conceivably be a result of cloud cover ( Figure 3 and earlier discussion), though again this cannot account for any more of the days with some large discrepancies (e.g., 4, 12, 18, 19, 25, 26, and 29 October) . Among these latter, the discrepancy on 18 October might result from the large viewing angle of OMI when observing the plume on that day (section 4.1.1), but this explanation offers nothing to the remaining problem days through the entire October to November 2007 period.
Percentage differences were calculated between daily OMI and REMOTE SO 2 mass loadings and plotted against mean scene reflectivity, the number of daily explosions reported by the volcano observatory, and the OMI viewing angle for the pixel with maximum detected SO 2 column density (see supporting information). These comparisons allow assessment of whether cloud fraction, plume ash content, or satellite viewing geometry control agreement between OMI and the ground-based data (represented by REMOTE output). In each case, no correlation was found (r 2 <0.05). This suggests that no single one of these factors contributes dominantly to agreement or lack thereof between satellite and ground-based data sets. Similar conclusions were reported in an earlier comparison of OMI and airborne measurements of tropospheric SO 2 column density [Lopez et al., 2013] .
The highly fluctuating nature of both OMI and REMOTE time series ( Figure 5 ) clearly impedes straightforward comparison; the number of uncertainties facing each data set clearly also plays a role. As such it is difficult to unequivocally declare whether the inclusion of volcanic source strength as a variable improves or worsens the overall agreement between OMI observed and REMOTE simulation SO 2 mass loadings. Based on 10 day time-averaged mean SO 2 mass loadings, the satellite and both model data sets agree within uncertainty (standard deviation) ( Figure 5 ). However, the large magnitude of the standard deviation clearly limits the meaningfulness of this result, particularly in the recalculated model data set, where the spread of data approaches 2 orders of magnitude. This large variability may be important evidence in that the forcing of the model output by the changing emission strength is simply greater than that of the forcing by changing processing; further simulations are required to characterize this fully. The OMI data set does not contain high variability to quite the same extent as the recalculated model data set (evidenced by generally smaller standard deviation on the mean values in Figure 5c ), and the extreme maxima in SO 2 mass loading do not appear to be readily explainable from comparisons of DOAS emission rate with coincident activity. We suggest that this high variability, together with an increase in similarity of shape between the observed and simulated time series through November, indicates that source strength could prove the strongest control on mass loading. There are no intervals of the time series in Figure 5 where the inclusion of variable source strength clearly decreases agreement between simulated and observed SO 2 mass loading, and on the whole the 10 day mean OMI mass loadings are closer to the REMOTE means after recalculation (Figure 5c ). Considering the study period as a whole, the percentage differences between OMI and recalculated REMOTE mean
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SO 2 mass loadings are 25.3% and 16.0% in October and November and 20.7% overall (Table 1 ). This minor improvement over the use of the original REMOTE output is interpreted as evidence that source strength is more important than processing overall, though to a greater extent in November.
The Balance in Plume Processing Between Oxidation, Deposition, and Transport
The highly variable SO 2 emission rates measured at Tungurahua (<200 × 10 3 to >1600 × 10 3 kg SO 2 per day) may certainly on many days dominate over the lower amplitude variability in SO 2 mass loadings caused by changing processing. We now consider this processing in more detail, namely, which of oxidation of SO 2 to sulphate (SO 2− 4 ), deposition of SO 2 , or downwind advective transport of the plume plays the major role in removing SO 2 from the model domain following emission and whether changes in the balance or extent of these three processes might affect the overall impact of processing versus emission strength on SO 2 mass loading. We discuss here the model output from the original simulations (the recalculated data are not appropriate for use here since processing is convolved with variable emission strength).
Overall Balance in Plume Processing and SO 2 Lifetime
The mean SO 2 emission rate through the study period of October to November 2007 was calculated from DOAS data as 342.0 × 10 3 kg S day −1 . The mean SO 2 mass loading in the REMOTE domain for the same interval was 279.8 × 10 3 kg S. Dividing this mean loading by mean emission rate provides an estimate of SO 2 lifetime ( SO 2 ) in the model domain, 19.6 h. Similarly, we can compute SO 2 lifetimes for each component of processing (oxidation ( oxid ), deposition ( dep ), and transport ( trans )) and relate all of these lifetimes thusly:
Lifetime due to oxidation ( oxid ) can be calculated by dividing the mean SO 2 mass loading (279.8 × 10 3 kg S) by the mean SO 2− 4 mass loading (202.1 × 10 3 kg S) which is equal to the amount of SO 2 removed each day by oxidation. The result is oxid = 33.3 h. Since this is much longer than the calculated total lifetime of SO 2 in the model domain, another of the processes must also be reasonably significant to keep the bulk lifetime below 1 day.
Dry deposition of SO 2 , essentially comprising the downward fall of SO 2 without influence of rain, appears to be a process of only minor significance at Tungurahua. Mean daily SO 2 dry deposition rates for October to November 2007 were 1.6 × 10 3 kg S day −1 , though sporadic yet significant positive excursions in dry deposition rate (maximum reported 12.0 × 10 3 kg S day −1 , 3 November) result in a standard deviation of 2.0 × 10 3 kg S day −1 . Typically, however, mass of SO 2 removed by dry deposition each day is <1% of total SO 2 mass loading. Therefore, dep is very long, equalling 4197.0 h. This slow rate of removal by dry deposition versus oxidation is not surprising, given the warm, humid atmospheric conditions over Tungurahua and the typical emission of SO 2 into the free troposphere rather than the planetary boundary layer.
Transport of SO 2 from the model domain is the final component of processing. A certain component of transported SO 2 (equal to 62.2 × 10 3 kg S) is the difference between the mean daily input (342.0 × 10 3 kg S day −1 ) and the mean daily SO 2 mass loading (279.8 × 10 3 kg S). Additionally, the difference between SO 2 daily mass loading and the sum of SO 2 removed by oxidation and dry deposition as outlined above equals 76.1 × 10 3 kg S. Dividing the daily SO 2 mass loading by the sum of these two components of transported SO 2 gives trans = 48.6 h and results in a balanced lifetime equation.
Daily Variation in the Balance of Plume Processing Controls
Our results suggest that oxidation is generally responsible for the removal of 59.1% of the SO 2 from the model domain, with transport responsible for removal of 40.0% and dry deposition being a process of relatively negligible importance (0.9%). This balance is expected to vary between days, according to variable conditions. ). This must, given a fixed SO 2 input to the model, be due to less favorable conditions for oxidation reactions to take place or that SO 2 is preferentially removed by another process. and mean wind speed is also evident, with coincident peaks in both toward the end of November (Figures 6a and 6b ). This is interpreted as higher wind speeds removing SO 2 faster from the model domain before it can be oxidized. Lastly, despite the aforementioned large increases in dry deposition rate on individual days (Figure 6c ), the maximum amount of SO 2 removed by this process remains <5%, and it seems unlikely that dry deposition can significantly affect overall balance in plume processing controls.
Overall, the extent of SO 2 processing simulated by REMOTE appears to vary within relatively narrow margins. Short, pronounced excursions do occur in all three components of plume processing (oxidation, dry deposition, and transport/wind speed), however, and it is plausible that these excursions could more strongly influence SO 2 mass loading on these given days than volcanic source strength does. All of the "excursions" mentioned above occur in November, so it is unlikely that changes in the balance of processing can be a major influence on the agreement between OMI and REMOTE SO 2 mass loadings in October. Of the days identified in November, however, where the greatest discrepancy was seen between these two data sets, some might be interpreted as having experienced significant changes in typical processing. On 20 and 26-28 November, Figure 6 indicates significant peaks in both SO 2 /SO 2− 4 (and hence reduced oxidation) and wind velocity. The former would not be expected to result in an underestimate by OMI relative to the simulated SO 2 mass loading, since both should be positively influenced by a reduction in oxidation of SO 2 . However, it is possible that increased wind speed could contribute to an underestimate if shearing were to reduce the apparent column density of SO 2 to OMI's view. Wind velocities began increasing on 15 November and could also account for discrepancies on that day and 17 November, though we note that on 16 and 18 November the two data sets agree closely. Percentage differences between OMI and REMOTE daily SO 2 mass loadings show no correlation (again, r 2 <0.05) with any of SO 2 /SO 2− 4
, mean liquid water path, SO 2 dry deposition, or either measure of wind velocity (see supporting information). This suggests that there is no dominant control by total oxidation, aqueous chemistry, deposition, or transport on the agreement between OMI and REMOTE data sets.
Comparison of Calculated SO 2 Lifetime With Previous Studies
Even if SO 2 emission rate is considered overall to exert the stronger influence on atmospheric SO 2 mass loading at Tungurahua, short-lived variations in both relative and absolute magnitudes of oxidation or transport processes seem able to alter the balance in favor of a greater processing influence. A bulk SO 2 lifetime of 19.6 h is equal to a typical loss rate (the reciprocal of lifetime) of 1.4 × 10 −5 s −1 . This value falls squarely within the range of published estimates of SO 2 loss rate in tropospheric volcanic plumes (∼10 −3 -10 −7 s −1 ) [Oppenheimer et al., 1998; McGonigle et al., 2004; Rodríguez et al., 2008] . Such a wide range, however, invites consideration that in other environments, for example, at a volcano emitting SO 2 into the planetary boundary layer rather than the free troposphere, much faster processing is likely and could therefore have a stronger influence than emission rate the majority of the time. At Soufrière Hills volcano, Rodríguez et al. [2008] at Soufrière Hills and Etna volcanoes. We note, however, that in the case of boundary layer plumes, it is OMI's diminished sensitivity to SO 2 (due to greater attenuation of radiation further down in the atmosphere) which is likely to be the limiting factor on measuring SO 2 loadings which accurately reflect true emissions from a volcano .
Masaya volcano is another whose plume is typically injected into the boundary layer, but during a dry season measurement campaign, McGonigle et al. [2004] measured average loss rates of ∼10 −5 s −1 , comparable to those we calculate here for Tungurahua but significantly slower than those at Soufrière Hills, interpreted as a result of ash-free plumes released into clear skies. The colder and drier high-latitude environments of Erebus, Mount St. Helens, and Redoubt volcanoes are also interpreted as the cause of slower measured loss rates [Oppenheimer et al., 1998 ]. In settings such as these, where SO 2 lifetime is much longer, it seems more likely that emission rate would be the dominant control on observed SO 2 mass loading. However, similarly to our example of Soufrière Hills, other factors may be more likely to influence OMI observations. Due to high ozone column concentrations and relatively greater thicknesses of atmosphere for photons to pass through (due to higher solar zenith angle), OMI's sensitivity to SO 2 is greatly diminished at higher latitudes, resulting in much higher detection limits [Lopez et al., 2013; Carn et al., 2013; McCormick et al., 2013] .
The absence of ash from our simulations is important to note. Ash particles may provide reaction surfaces and cloud seeding nuclei, both of which could significantly increase loss rates. At Tungurahua during our study period, explosive activity did occur, as is testified by observatory reports and visual inspection of daily OMI scenes. However, this sporadic activity was typically mild in intensity and duration, and we do not think there was persistent ash in the plume downwind. Higher ash content immediately following emission is anticipated, though, which points to nonconstant loss rate even on the dimensions of a single SO 2 plume. Constraining this heterogeneity falls beyond the scope of this study. 
Deriving SO 2 Emission Rate From the OMI Mass Loading Data Set
Using REMOTE to calculate tropospheric SO 2 lifetime for each day of October to November 2007, we can derive estimates of SO 2 emission rate directly from the OMI data set, using the SO 2 lifetime method (section 1.2) Lopez et al., 2013] . This results in a time series of daily SO 2 emission rate from OMI observations (Figure 7) , which provides an additional, more direct method to compare the satellite and ground-based measurements of SO 2 degassing at Tungurahua in addition to our preceding discussion of comparing OMI and REMOTE SO 2 mass loadings. The use of the model lifetime, rather than the scene lifetime demonstrated in section 4.3, results in a much more complete data set, facilitating a more effective comparison. Other potential methods for deriving emission rate (outlined in section 1.2) were not used here owing to a combination of unavailability of wind data sets at sufficiently high spatial resolution, unfavorable OMI plume geometries, and uncertainty over the extent of spatial averaging of subpixel plumes but certainly merit further investigation in the future.
The OMI and DOAS SO 2 emission rate time series (Figure 7a ) agree reasonably well in shape and general magnitude of daily emission rate, particularly in November. However, several peaks in the DOAS data set are again not matched by corresponding peaks in derived OMI emission rate (most notably, 26 and 29 October and 19 and 25 November). While certain discrepancies have already been identified between satellite-observed data and REMOTE simulated data (such as cloud cover on 7, 8, and 19 October and 7 and 15 November, viewing angle on 18 October, and satellite zoom mode on 19 November), others remain unexplained. Major fluctuations in both emission rate time series in Figure 7 seem to still prevent significant increases in agreement between OMI and DOAS at several intervals of the study period.
Our use of the model lifetime method rather than scene lifetime method for calculation of derived emission rates does result in improved agreement, however. The percentage difference between mean SO 2 emission rate (October to November 2007) derived from OMI with the model lifetime method and the ground-based DOAS data set is 17.6% versus 35.1% between ground-based and satellite emission rates when the scene lifetime method is used (Table 1) . Considering 10 day means throughout the study period (Figure 7b ), the improvement is less unambiguous, though we note that the derived emission rate data using the model lifetime method is either closer to the value of the DOAS data set or else comparable to the value derived in the scene lifetime method. The more extensive data set also should make the mean values more representative. The reduced percentage difference is another clear indicator that the use of REMOTE benefits the satellite versus ground-based comparison.
Conclusions: The Future of Satellite-Based Volcano Monitoring
Unlocking the potential of satellite-based spectrometers such as OMI for volcano monitoring would constitute a major advance and lead to increases in both temporal and spatial data coverage. Validation of many satellite data products remains sparse, however, and direct comparison of mass loading with ground-based emission rate data is hampered by fundamental differences in how these data are obtained, as well as uncertainty over how truly variation in atmospheric SO 2 mass loadings reflects changing volcanic SO 2 emissions. This study's novel application of the chemistry/transport model REMOTE to the problem of integrating satellite and ground-based measurements of persistent degassing complements other recent work combining satellite observations and model simulations of volcanic emissions.
Our results suggest that at Tungurahua and volcanoes in similar settings, significant variability can arise in daily SO 2 mass loading solely as a result of postemission atmospheric processing of a volcanic SO 2 plume. We explored the relative balance of oxidation of SO 2 to sulphate, dry deposition of SO 2 from the plume, and transport of SO 2 downwind and out of the model domain and found that oxidation accounted for roughly 60% of SO 2 removal and transport the remaining 40%, with dry deposition largely negligible. The mean lifetime for SO 2 over Tungurahua was calculated at ∼19.6 h, corresponding to a bulk loss rate of 1.4 × 10 −5 s −1 . It is plausible that this lifetime could be significantly faster in certain circumstances which our simulations could not account for, for example, if high plume ash content were to increase SO 2 reaction or removal. At certain other volcanoes, it is expected that lifetimes could be very different based on differences in environment (e.g., temperature, humidity, and wind speed) or style of degassing (e.g., plume altitude or ash content).
Based on available ground-based SO 2 emission rate data, it seems that variability in SO 2 output at Tungurahua is greater than variability in postemission processing on most days and therefore that SO 2 plume mass should be a good proxy for emission rate. This suggests that the long-term observation data sets from satellite-based instruments like OMI can be useful in providing good first-order constraint on the variability of volcanic emissions in otherwise poorly monitored regions. We cannot rule out the fact, however, that short-lived or seasonal increases in processing extent might cause a shift in this balance, with processing becoming more dominant in modifying SO 2 plume masses. This shift was evident on certain days at Tungurahua, and we emphasize that under different environmental and volcanic conditions the balance could be permanently shifted toward dominance by processing (for example, a volcano emitting roughly constant amounts of SO 2 into a tropical boundary layer atmosphere). In cases such as these, satellite observations of variable mass loading may not be a good proxy for changing emission rates at the source.
Our mean simulated SO 2 mass loadings for October to November 2007 are closer by a factor of 2 to those calculated from OMI data than ground-based measurements of emission rate by DOAS. Our model lifetime method derived mean emission rates from OMI are in turn significantly closer to monthly averages calculated from the DOAS data set. This clearly demonstrates that the use of REMOTE can improve satellite-based estimates of SO 2 emission, particularly compared to earlier studies. This is encouraging for the use of satellites in the pursuit of even the broadest estimates of degassing budgets. Quantitative agreement either between OMI SO 2 mass loadings and those simulated by REMOTE or between ground-based UV DOAS measurements of SO 2 emission rate and those derived variously from satellite observations remains limited and highly variable on a daily basis, in part due to large errors on individual data points. We found no dominant control on the agreement between satellite and model data sets, despite considering a large range of parameters. Deconvolving the combined effect of, e.g., cloud cover, wind speed, and viewing geometry remains a key target for further work.
One solution to a limited understanding of daily agreement between the data sets is time-averaging, which we have not explored in any depth here but which merits a brief mention. Smoothing our OMI and Figure 8 . Time series of SO 2 emission rate data sets after smoothing with a 7 day centered moving average. Emission rate data sets are those measured by ground-based UV DOAS spectrometers, and derived from OMI observations using the model lifetime method. The scene lifetime method is too discontinuous to effectively time-average. DOAS emission rate time series with a 7 day centered moving average reveals a good agreement in trend, with both data sets showing coincident increases and decreases in emission rate (Figure 8 ). Differences in magnitude are certainly apparent, with DOAS emission rates higher than those of OMI in three clear intervals. Partly, these may be artifacts of the smoothing, close to days where spikes are present in the DOAS time series. During the final 2 weeks of November, however, higher wind speeds (see Figure 6b ) could result in shearing or rapid dilution of the plume, thus reducing the SO 2 concentration measurable by OMI.
Such methods clearly offer little to the understanding of daily differences between satellite and ground-based data sets. However, while accurate daily monitoring may be beyond the capability of our current suite of satellite-based instruments, a more limited but nonetheless valuable datastream may still be provided via time-averaging. For example, for placing broad constraint on variability within annual volcanic emissions budgets (e.g., for the climate modeling community), these methods do merit further exploration.
To conclude, this study suggests that where SO 2 lifetime is close to 1 day, satellite-observed SO 2 mass loadings should be a good proxy for volcanic emission strength. On this basis, satellites like OMI could provide a survey of the world's actively degassing volcanoes, with unprecedented spatial and temporal coverage, potentially ranking them in order of persistence and apparent strength of SO 2 output. While the use of chemistry/transport models like REMOTE is time intensive and not suitable for near-real-time monitoring purposes, this work suggests that simulations of postemission processing will help constrain SO 2 lifetime and hence aid the interpretation of satellite-based SO 2 data sets in more quantitative terms, either in understanding the relationship between observed mass loadings and likely emission rates or in deriving emission rates from the observation data set. The development of more sophisticated models with the capability to also include the effects of plume ash content on processing and extended capability for chemical reactions generally is anticipated to provide the groundwork for studies of this kind with much greater scope. Next-generation satellite-based UV spectrometers such as TROPOMI will bring greater sensitivity to volcanic SO 2 in the troposphere [Veefkind et al., 2012] . Reanalysis and reprocessing of observatory data sets, as well as more rigorous operational protocols (e.g., daily plume height measurements, use of locally measured wind speeds instead of model reanalysis data, and further investigation of multiple scattering and light dilution uncertainties) will significantly improve the accuracy and reliability of ground-based measurements. Above all, greater efforts to compare observation data sets between multiple satellite instruments and ground-based monitoring networks would be welcomed.
